Chloromethane (CH3CI), a gaseous natural product released as a secondary metabolite by many woodrotting fungi of the family Hymenochaetaceae, has been shown to act as a methyl donor for biosynthesis of methyl esters of benzoic and furoic acid in the primary metabolism of Phellinus pomaceus. The broadspecificity methylating system could esterify a wide range of aromatic and aliphatic acids. In addition to CH3CI, both bromo-and iodomethanes acted as methyl donors. Methylation did not appear to proceed via methanol or a coenzyme A intermediate. The initial growth-related accumulation of methyl benzoate during culture of P. pomaceus was paralleled by an increase in activity of the methylating system in the mycelium. Changes in percent incorporation of C2H3 from exogenous C2H3CI during growth indicated that although utilization of CH3Cl was initially closely coupled to biosynthesis of the compound, the system became less tightly channeled later in growth. This phase coincided with release of gaseous CH3CI by the fungus. A biochemically distinct CH3CI-utilizing system capable of methylating phenols and thiophenol was also identified in the fungus, but in contrast with the carboxylic acid-methylating system, it attained maximum activity in the idiophase. Preliminary investigations of a non-CH3CI-releasing fungus, Fomitopsis pinicola, have shown the presence of a CH3CI-utilizing system capable of methylating benzoic acid, suggesting that CH3Cl biosynthesis may occur in non-hymenochaetaceous fungi. Halogenated compounds hitherto found in nature are mainly stable end products of metabolism. The participation of CH3CI in primary fungal metabolism demonstrates that some halometabolites may have a previously unrecognized role as intermediates in the biosynthesis of nonhalogenated natural products.
Chloromethane (CH3CI), a gaseous natural product released as a secondary metabolite by many woodrotting fungi of the family Hymenochaetaceae, has been shown to act as a methyl donor for biosynthesis of methyl esters of benzoic and furoic acid in the primary metabolism of Phellinus pomaceus. The broadspecificity methylating system could esterify a wide range of aromatic and aliphatic acids. In addition to CH3CI, both bromo-and iodomethanes acted as methyl donors. Methylation did not appear to proceed via methanol or a coenzyme A intermediate. The initial growth-related accumulation of methyl benzoate during culture of P. pomaceus was paralleled by an increase in activity of the methylating system in the mycelium. Changes in percent incorporation of C2H3 from exogenous C2H3CI during growth indicated that although utilization of CH3Cl was initially closely coupled to biosynthesis of the compound, the system became less tightly channeled later in growth. This phase coincided with release of gaseous CH3CI by the fungus. A biochemically distinct CH3CI-utilizing system capable of methylating phenols and thiophenol was also identified in the fungus, but in contrast with the carboxylic acid-methylating system, it attained maximum activity in the idiophase. Preliminary investigations of a non-CH3CI-releasing fungus, Fomitopsis pinicola, have shown the presence of a CH3CI-utilizing system capable of methylating benzoic acid, suggesting that CH3Cl biosynthesis may occur in non-hymenochaetaceous fungi. Halogenated compounds hitherto found in nature are mainly stable end products of metabolism. The participation of CH3CI in primary fungal metabolism demonstrates that some halometabolites may have a previously unrecognized role as intermediates in the biosynthesis of nonhalogenated natural products.
Chloromethane (CH3Cl) is a gaseous natural product released as a secondary metabolite by many species in the family Hymenochaetaceae, a widespread family of white rot fungi (2, (7) (8) (9) (10) (11) . Biosynthesis of the compound is particularly common in the genera Phelliniiis and lInoniotuis, which are characterized by bracketlike perennial fruiting bodies found on the wood of trees from both temperate and tropical regions of the world (11) . Of over 50 species investigated from the two genera, 61% were capable of CH3Cl biosynthesis. The magnitude of CH3Cl production is dependent on the fungal species and the growth medium, biosynthesis being particularly favored by cellulose-based media. Over 58% of CH3Cl-producing species are capable of converting more than 10% of chloride in the medium to CH3Cl, and in many instances CH3Cl yields are very much higher. Thus Phellinuis occidentalis, P. pornaceus, and P. ,'ibis grown with cellulose as the carbon source in the presence of 10 mM chloride converted more than 80% of chloride in the medium to CH3Cl (10, 11) . Indeed, a detailed investigation of P.
pomacelis demonstrated over 90% conversion of chloride to CH3CI at chloride concentrations up to 50 mM.
The efficiency of the methylation process and the high affinity of the system for chloride ion coupled with the ubiquitous occurrence of these wood-rotting fungi in forest habitats has led to speculation (7, 10, 11) that fungi may make a substantial contribution to the 5 x 106 metric tons of CH3Cl estimated to originate from natural sources per year (3, 4, 16, 17 particular significance because of the importance attached to chlorine derived from CH3Cl and synthetic halocarbons in controlling the rate of destruction of ozone in the stratosphere. Currently, CH3Cl accounts for 25% of the chlorine in the stratosphere, the remainder being provided mainly by chlorofluorocarbons 11 and 12 (3, 4) . The possibility that a biological source could be a major contributor to atmospheric CH,Cl levels has substantial implications in this area, since current computer models used to predict the effect of synthetic halocarbons on the upper atmosphere assume that natural CH3Cl production has remained constant at 5 x 106 metric tons per year throughout previous millenia.
CH3C1 is derived biosynthetically from methionine, though the precise pathway remains unknown (9, 19) . No evidence has been obtained to date of S-adenosylmethionine-chloride ion methyltransferase activity in cell extracts of the fungus (8) . Although CH3CI is formed in unusually large quantities for a secondary metabolite, no clear role has been defined for the compound in the metabolism of hymenochaetaceous fungi. However, methyl esters of aromatic acids also occur extensively in such fungi (1, 10, 11) , and their formation appears to be biochemically linked with CH3CI biosynthesis, since both processes are inhibited by the pseudohalide ion thiocyanate (10) and since methyl benzoate occurrence in the genus Phiellinuiis is confined to CH3Cl-producing species (11) . In addition, the patterns of incorporation of C2H,-labeled methionine into methyl benzoate and CH,CI during growth of P. pomna(eius are very similar (9 Culture media and cultural conditions. For experiments involving assay of CH3CI and methyl benzoate and of carboxylic acid or phenol-methylating activity at various stages during the growth cycle, P. poniaceiis was grown on a medium containing glucose (30 g liter-'), mycological peptone (5 g liter-'), agarose (10 g liter-'), and NaCl (0.5 g liter-'). Cultures were incubated at 25°C in 250-ml conical flasks containing 20 ml of medium. The inoculum which was spread uniformly over the surface of the medium was a mycelial suspension ( CH3Cl assay and calculation of total CH3Cl generated.
Samples of headspace (2 ml) were withdrawn from culture flasks through the sampling port and injected into a Pye Unicam 104 (model 74) gas chromatograph fitted with a flame ionization detector and equipped with a glass column (1.5 m by 2 mm inside diameter) packed with Tenax GC operated at a nitrogen gas flow of 20 ml min-'. The oven temperature was programmed from 60 to 120°C at 24°C min-1
The total CH3Cl generated by a fungal culture was calculated by using a computer integrating program as described Assessment of growth and mycelial dry weight. Mycelial growth was measured as the dry weight of washed mycelia; the latter was obtained by filtration of the agarose medium after it had been dissolved in hot water. For determination of mycelial wet weight, mycelia were carefully peeled from the surface of the medium and weighed.
Determination of methyl benzoate and methyl salicylate in cultures. Mycelia together with associated culture medium at various stages of growth were steam distilled. The distillate (50 ml) was collected, and a sample was assayed by gas chromatography-mass spectrometry by using a purge-andtrap procedure as described below.
Assay of methylating activity and percent incorporation of C2H3 into product from exogenous C2H3CI. For comparative assessment of the rates of methylation of different carboxylic acids and phenols by P. pornacelus and the determination of the percentage of 0-methyl compound labeled with C2H3, the following procedure was adopted. Mycelia (35 mg) prepared as described above were suspended in citrate buffer (pH 4.0, 1.6 ml; final concentration, 20 mM) containing substrate carboxylic acid or phenol (final concentration, 2 mM) in 40-ml screw-cap septum vials sealed with Teflonlined silicone septa. After equilibration at 25°C, the assay was initiated by injection of an aqueous solution of C2H3Cl (0.4 ml) to give an equilibrium C2H3Cl concentration of 25 p.g ml-' in the headspace of the vial (1.23 mM in the aqueous phase). Vials were then incubated at 25°C on a shaking water bath for 12 h, experiments having indicated that the rate of methylation was linear with respect to time over this period. After incubation, vials were frozen at -15°C pending determination of methyl ester or anisole formed. In some experiments, the assay was conducted under Nr, in which case the buffer solution and the headspace of the vial were purged with N2 before closure of the vial. Conditions for the assay of methylating activity in F. pinicola differed only in that 50 In experiments involving measurement of benzoic and butyric acid-and phenol-methylating activities at various growth stages of P. pomaceus, assay conditions differed in several respects from those described above. Mycelia were peeled carefully from the underlying agar, washed, and cut into 2-mm2 pieces as previously described. Each vial contained mycelia (100 mg) suspended in 2 ml of 20 mM citrate buffer (pH 4.0) with benzoic acid (1 mM), butyric acid (4 mM), or phenol (1 mM) and a CH3Cl or C2H3Cl concentration in the aqueous phase of 0.49 mM. Incubation was for 18 h.
RESULTS
Utilization of C2H3C1 for methylation of carboxylic acids by P. pomaceus. Mycelia of P. poinaceius were incubated with C2H3Cl in the presence of benzoic acid and a number of other aromatic and aliphatic monocarboxylic acids. The rate of methyl ester biosynthesis and the percent incorporation of C2H3 into the methyl moiety were measured by gas chroma- (Table 3) . Mycelia for the experiment were grown in the presence of 10 mM NaCI, 10 mM NaBr, or 2 mM Nal so as to enable the added labeled halomethane to be assessed as the methyl donor against the same endogenously formed halomethane rather than against endogenously formed CH3CI. The latter compound is produced even from mycelia unsupplemented with chloride ion because of the high affinity of the halomethane-generating system for halide ion, which results in the methylation of the relatively low concentrations of chloride ion normally present as a contaminant in mycological peptone (10 but unsupplemented with exogenous CH3C1, no C2H, incorporation into the CH3Cl generated was observed, implying that reaction a (see Fig. 3 ) is irreversible. Interestingly, the methyl salicylate, which was formed in significant quantities in this experiment, displayed high C2H, labeling (94.5 ± 1.6%), providing additional confirmatory evidence that this ester is biosynthesized from methyl benzoate by o-hydroxylation rather than from salicylic acid by direct esterification (9 Methyl benzoate and CH3Cl production, fungal methylating activity, and incorporation of exogenous C2H3CI during growth of P. pomaceus. Methyl benzoate concentrations in the culture medium were measured during growth of P. pomauceus and related to the activity of the methylating system assayed with either benzoic or butyric acid as the substrate (Fig. 1) . In contrast to CH3CI release, initial methyl benzoate biosynthesis appeared to be growth related, although a sharp but consistently reproducible decrease in the methyl benzoate pool occurred in the later stages of growth and was followed by a secondary peak as maximum growth was achieved. This fluctuation in concentration may well be related to the diversion of methyl benzoate to the biosynthesis of secondary metabolites during the later stages of growth. However, it does not appear to be attributable to conversion to methyl salicylate, as the variations in the concentration of this ester during growth (not shown in Fig.  1 ) paralleled those of methyl benzoate, though concentrations were approximately 30% of those of the latter compound.
Changes in the activity of the methylating system during growth were broadly similar whether assayed with benzoic or butyric acid as the substrate, confirming that the same enzyme is very probably involved in methylating both substrates. although the possibility that two different enzymes are induced at the same point in the growth cycle cannot be excluded. The lower levels of methylating activity observed compared with those in Table 1 are attributable to the greater mycelial damage caused by peeling mycelia directly from the surface of the agar rather than from the dialysis membrane.
Activity was closely associated with primary metabolism as manifested by growth, and the levels of activity found Incubation time (h) FIG. 1. Growth of P. poinacelus in relation to methyl benzoate in the medium and CH3CI production (a) and benzoic and butyric acid-methylating activities in the mycelium (b). Symbols: 0. growth measured as mycelial dry weight: *. total methyl benzoate in culture flask; A, total CHPCl generated per culture flask; C], benzoic acid-methylating activity per gram (fresh weight) of mycelium per hour: A, butyric acid-methylating activity per gram (fresh weight) of mycelium per hour. Cultures of P. po/naceuts were grown at 25°C in 250-ml conical flasks on glucose-mycological peptone-agarose medium (20 ml) containing NaCl (0.5 g liter 1) as described in Materials and Methods. At intervals during growth the contents of individual flasks were harvested for measurements of mycelial dry weight, methyl benzoate concentration, and methylating activities.
were consistent with the rate and timing of methyl benzoate accumulation in the medium. Thus, at the period of maximum accumulation between 150 and 250 h of incubation. methyl benzoate was formed at an average rate of 27 nmol flask-' h-'. During the same period, benzoic acid-methylating activity rose from 6 to 37 nmol of ester flask-h-1 (using a dry weight/fresh weight conversion factor of 5.88). Bearing in mind the above-mentioned reduction of methylating activity as a result of mycelial damage incurred during harvesting, it is clear that the activity of the methylating system in vivo would be quite adequate to account for the rate of methyl benzoate biosynthesis observed.
The activity of the methylating system measured by the more convenient assay based on butyric acid as the substrate is related in Fig. 2a Utilization of CH3Cl for methylation of phenols by P. pomaceus. Although the method of assay used in this investigation precluded the study of the methylation of compounds not yielding volatile purgeable methyl derivatives, the conversion of a variety of phenols and also thiophenol to the corresponding anisoles by a CH3CI-utilizing system in fungal mycelia has been demonstrated ( Table 5 ). The activity of the methylating system at various stages of fungal growth was determined by using phenol as the substrate (Fig. 2b) . The system can be seen to be quite distinct biochemically from the carboxylic acid-methylating system by comparing Fig. 2a and b. While levels of activity initially exhibited some correlation with growth, maximum activity was associated with the period immediately after completion of growth, i.e., the idiophase, when a sudden fourfold increase was observed. Interestingly, C2H3 incorporation into the anisole during growth is indicative of even tighter channelling than that shown by the carboxylic acid-methylating system. Thus, incorporation rises from 15% during early growth to a maximum of only 35% in mid-growth phase. The peak of activity in the idiophase is not linked with any change in percent C2H3 incorporation.
CH3CI-utilizing methylation systems in F. pinicola. In order to assess whether the ability to utilize CH3Cl for cellular methylation processes was confined to CH3Cl-releasing species of the Hymenochaetaceae or was more widely distributed within the fungal kingdom, it was necessary to investigate CH3Cl metabolism in a non-hymenochaetaceous species, preferably one which biosynthesized volatile 0-methyl-substituted natural products which were purgeable and therefore quantifiable by the techniques used in the present study. In the course of a survey of CH3CI biosyn- ' Values corrected for nonenzymic formation of thioanisole in assay equivalent to 12 nmol g of mycelium' h-' thesis in fungi (11) , it had been noted that F. pinicola, a polyporaceous species, produced significant amounts of methyl benzoate during growth. Moreover, the species had been confirmed as failing to release CH3CI at any stage of growth on all media on which it was screened. Mycelia of this fungus were therefore chosen for incubation with exogenous C2H3C1 and benzoic or butyric acids to ascertain whether the CH3CI-utilizing methylation system could exist independently of the CH,Cl-releasing capability in fungi.
Mycelia were also assayed for the possible presence of a phenol-methylating system utilizing CH3Cl. Results of these experiments are shown in Table 6 . Methyl benzoate biosynthesis from benzoic acid was stimulated by the presence of exogenous C2H3CI, and this was reflected in substantial labeling of the ester with C2H3. Unlike Stiandard assay conditions were employed. with 1.23 mM C2H,CI pr-esent where indicated and substrattes at the concentrations specified. both naturally occurring esters. Although methyl salicylate is also a natural product of the fungus, salicylic acid was not a substrate for the methylating system. This finding is consistent with previous studies (9) which show that the pattern of CH3 incorporation from methionine into the compound is quite distinct from that into methyl benzoate and methyl furoate, suggesting a secondary origin, probably by o-hydroxylation of methyl benzoate. This latter postulate is confirmed by the high labeling obtained in methyl salicylate upon incubation of mycelia with [C2H3]methyl benzoate. Nevertheless, the methylating system had a relatively broad substrate specificity, allowing the conversion of a wide range of nonphysiological monocarboxylic acids to their methyl esters. Caution must be exercised in drawing definitive conclusions regarding relative rates of methylation from Table 1 , as each added acid competes to some degree with endogenously synthesized benzoic acid in the wholecell system used in the assay. Nonetheless, it would appear that benzoic acids with halogen or methyl substituents in the ortl(o or pam-a position and a number of aliphatic acids were readily utilized as substrates by the methylating system. Although at the concentration (2 mM) used for the assay in Table 1 butyric acid appeared to be a far better substrate than benzoic acid, the superiority can be attributed to the fact that the former acid, unlike benzoic acid, does not have strong inhibitory effects on the methylating system at higher concentrations (Table 2) . When tested at a concentration of 0.5 mM. benzoic acid is converted to methyl ester at a substantially greater rate than butyric acid. The variation in C2H incorporation into esters, which ranges from 83% with o-toluic acid to 38% with ,n-chlorobenzoic acid (Table 1) , may reflect different effects of the substrate acids on the kinetic parameters of the methylating system, which may alter its apparent accessibility to exogenous CH3Cl. Alternatively. the differences in incorporation may be ascribed to inhibition or stimulation of endogenous CH3Cl biosynthesis by some substrate acids. Any firm conclusions regarding relative rates of substrate methylation must await a detailed analysis of the kinetics of the system at different concentrations of substrate acids and CH3Cl, preferably in cell extracts in which endogenous CH3CI biosynthesis is uncoupled from the methylation system. Previous studies (10) lyzed by the system (Fig. 3a) The ability of mycelia incubated under nitrogen to continue methylation, albeit at a reduced rate, implies that there is no absolute requirement for oxygen in the transformation. The reduction in rate of methylation is probably largely due to the known sensitivity of endogenous CH3Cl biosynthesis to oxygen limitation rather than an effect on the methylation process itself. The increase in C2H3 incorporation into the ester under such conditions would tend to support this supposition.
During growth of P. pomaceus, the initial growth-related accumulation of methyl benzoate in the culture medium was paralleled by an increase in the activity of the methylating system assayed with both benzoic and butyric acids, supporting the conclusions drawn from the isotopic-incorporation experiments. Similarly, the decline in the activity of the methylating system after maximum growth was achieved was mirrored by a concomitant fall in methyl benzoate concentration in the medium. However, the dramatic decrease in the methyl benzoate pool which occurred in the later stages of growth, which was followed by a recovery as maximum growth was obtained, coincided with a plateau of activity in the methylating system. The latter apparently conflicting findings can (6) . Both mechanisms presuppose the existence of a physically associated multienzyme complex.
As growth proceeded, percent incorporation of C2H3 into ester increased, the methylating system apparently becoming more accessible to an exogenous source of the compound. It is tempting to ascribe this phenomenon to a reduction in the rate of endogenous CH3CI biosynthesis, but such an interpretation is clearly not compatible with the observation that actual CH3Cl release by the fungal mycelium began at the same point in the growth cycle at which incorporation started to rise and attained a maximum rate as incorporation reached a peak value. An alternative and more plausible hypothesis which might explain this synchronization between CH3Cl release and C2H3 incorporation from exogenous C2H3CI is that, perhaps as a consequence of dissociation of the postulated multienzyme complex, CH3Cl biosynthesis becomes progressively uncoupled from CH3CI utilization, leading to a breakdown in channeling. This would result not only in CH3C1 release but in a greater accessibility of the methylating system to exogenous C2H3Cl. The biochemical rationale for such uncoupling is not immediately obvious but may be related to an as yet unidentified role for CH3Cl in enzyme methylation processes outside the cell which are mediated by extracellular enzymes of the fungus at a time when intracellular demand for CH3Cl is declining.
The observation that a variety of substituted phenols and thiophenol were methylated by P. pomaceius with incorporation of the methyl moiety of CH3Cl demonstrated that the utilization of CH3Cl by the fungus is not confined to esterification of carboxylic acids (Fig. 3b) . The phenol-methylating system was biochemically distinct from the carboxylic acid-methylating system in a number of respects. Structureactivity relationships for methylation of phenols with substituents in the aromatic ring were quite different from those for methylation of substituted benzoic acids, particularly with regard to meta and para substitution. Thiophenol was by far the best substrate of the phenolic compounds examined, a finding almost certainly attributable to the fact that thiophenols are much more effective nucleophiles than phenols. The considerable superiority of thiophenols over phenols as substrates for bacterial 0-methylating systems has also been reported by Neilson et al. (15) , although in the latter investigation S-adenosylmethionine was the probable methyl donor. Levels of C2H3 incorporation into anisoles other than thioanisole were lower than that into esters, suggesting an even tighter channelling of CH3Cl during phenol methylation than that during carboxylic acid methylation. The changes observed in the activity of the phenol-methylating system during the growth cycle with relatively low levels of activity apparent in the growth phase and maximum activity associ- Halogenated compounds so far discovered in biology are apparently stable end products of metabolism (13, 14) . It is rather surprising, particularly in view of the fact that life evolved in the sea, an environment comparatively rich in halide ions, that living organisms have apparently not taken advantage biochemically of the unique chemical properties of halogenated compounds and used them as intermediates in metabolic pathways for the biosynthesis of nonhalogenated products. Neidleman (13, 14) has drawn attention to this anomaly and has suggested that some halogenated compounds may have an as yet undiscovered but vital intermediary role in biochemistry. Similarly, Fenical (5) has speculated on the possible origin of marine algal terpenes from brominated intermediates. The recent discovery of a dichloro-substituted phenylhexanone as the differentiationinducing factor in Dictyvosteliu,m discoide,mn (12) also reemphasizes the possible existence of hitherto unacknowledged roles for halogenated compounds in nature. The participation of CH3Cl in primary fungal metabolism described in this paper is the first unequivocal evidence that some halometabolites may have a role as transient intermediates in the biosynthesis of nonhalogenated products.
At a more practical level, a broad-specificity enzyme system capable of methylating phenols or carboxylic acids in aqueous solution at room temperature using gaseous CH3CI as the methyl donor may well have a biotechnological application, particularly in the form of immobilized bacterial preparations containing the appropriate cloned fungal gene or genes.
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